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Brillouin Scattering in Liquids at 4880A 
$ L. SFTAPIRO, AI. LIcCLIXTOCK, D. A. .JENNINGS, ASD R. 1,. BARGE11 

AbsXzW-rgon ion laser has been used as a source of 4880A 
W i b s P h u a y  Brillouin scattering in liquids. Hypersonic velo- 

*x #ere measured in benzene, carbon disulfide, carbon tetrach- 
lor*, chloroform, methylene chloride, methylene iodide, toluene, 
and water at a scattering angle of 89" 45'. The width of the Brillouin 
line for monochromatic excitation was found to be approximately 
0.007 cm-1 in toluene and 0.011 cm-1 in methylene chloride. How- 
ever, line broadening in benzene, carbon disulfide, chloroform, and 
methylene chloride was found to be less than 0.002 cm-l. Depolari- 
zation factors of the Brillouin lines were measured in carbon di- 
sulfide, benzene, and toluene. The wing structure of the Rayleigh 
lines and depolarization of the Rayleigh wings were also measured 
in benzene, carbon disulfide, and toluene. Widths of the Rayleigh 
wings were approximately 6.8 cm-' in benzene, 6.7 cm-l in carbon 
disulfide, and 8.5 cm-1 in toluene. From measurements of Brillouh 
scattering intensity, approximate values of the electrostrictive coup- 
ling constants of the other seven liquids were calculated relative 
to those of carbon disulfide. 

INTRODUCTION 

EFORE the advent of the laser, Brillouin spectra 
were obtained with either a Hg or a Zn light 
source. Recently several groups have demonstrated 

the suitability of the CW H e N e  laser as a source of 
illumination for obtaining linear Brillouin spectra in 
liquids and solids [ 11-[5], and stimulated Brillouin scat- 
tering has been obtained with the &-switched ruby 
laser [6]-[ 121. The high-intensity, narrow-beam divergence, 
and monochromaticity of the laser make it an excellent 
source for such work. Furthermore, if the shape of thc 
laser excitation line is known, broadening of the Brillouin 
components can be measured [2 ] ,  [3], [5] and, hence, 
phonon lifetimes can be calculated. The CW argon-ion 
(Ar') laser appears especially suited to linear Brillouin 
experiments which involve the measurement of, line 
shapes, since relatively high intensities of the 4880A line 
may be obtained in a single mode. This is in addition to 
the order of magnitude advantage of the Ar' laser over 
the He-Ne laser provided by the v4 dependence of the 
scattering intensity and by the greater sensitivity :f 
photomultiplier tubes and films in the region of 4S80A. 

Another slight advantage of the spectral region of 
the Ar' laser is that the Brillouin shift is one third greater 
a t  4SS0A than at 63281. This allows velocity of sound 
measurements to be extended to higher phonon fre- 
quencies. 

The present paper reports the results of several Brillouin 
and Rayleigh scattering experiments performed in liquids 
using a CW Ar' laser with a power output of approxi- 
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mately 0.07 mW. The spectral advantages of the Ar+ 
laser are great enough that this rather modest power 
is sufficient to perform such experiments. 

EXPERIMENTAL APPARATUS 
The laser consisted of a l 4 c m  by 0.12-cm bore, water 

cooled, quartz discharge tube in a cavity 30 cm long. 
The laser cavity had mirrors with a 120-cm radius of 
curvature. The threshold current was 0.8 amperes when 
0.5-mm Hg of Ar was used as the active medium. 

The experimental arrangement was similar to that of 
Chiao and Stoicheff [Z] for the hypersonic velocity mea- 
surements. The scattered light was observed a t  89'45' 
through a pressure scanning, Fabry-Perot interferometer. 
A spacer of 8.501 mm was used to resolve the Brillouin 
components from the central Rayleigh scattered line, 
and spacers of 8.501 mm, 16.00 mm, and 42.00 mm were 
used to observe line broadening. The measured finesse of 
the interferometer was approximately 15. A photo- 
multiplier detection system having a time constant of 
0.5 second was used in conjunction with a grating mono- 
chromator. 

For measurement of the Rayleigh wings, the Fabry- 
Perot interferometer was eliminated from the above 
system. 

All experimental samples were of either spectroscopic 
or reagent grade purity. Those of reagent grade purity 
were filtered through 10-micrometer fritted disks before 
observing the Brillouin spectra. 

HYPERSONIC VELOCITY MEASU~LEMENTS 
The shift in frequency of a photon scattered by a 

phonon, the Brillouin shift, is given by [13] 

= v, = (~w/x,) sin (e/2) ( 1) 
where v,, the frequency of the phonon, is the same as 
the Brillouin shift, n is the index of refraction of the 
medium, v is the velocity of sound in the medium, e is 
the angle of observation of the scattered light with 
respect to the incident beam, and X, is the wavelength 
of the incident radiation. The velocity of sound a t  a 
frequency equal to Av, in the Gc/s range for liquids, 
can therefore be obtained by measuring the Brillouin 
shift. The hypersonic velocity observed in eight liquids 
is shown in the fourth column of Table I. The fifth 
column of this table gives ultrasonic velocities taken 
from the literature. Values of hypersonic velocity for 
these liquids exist in the literature [1]-[4], but a direct 
comparison is misleading because of the temperature 
and frequency dependence of the velocity. Assuming 
small dispersion and only weak temperature dependence, 
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TABLE I 
HYPER~ONIC VELOCITY AND FREQUENCY OF PHONOSS 

OBTAINED FROM BRILLOUIN SHIFTS 

Phonon 
frequency 

Room a t  89”45’ 
Tem- scattering Hypersonic Ultrasonic 

peratlire angle velocity velocity 
Liquid “C ( I O 9  c/s) (m/s) (m/s) 

Benzene 25.0 6.75 1546 f 13 
Carbon disulfide 25.0 5.93 1236 f 23 
Carbon tetrachloride 24.7 4.70 986 f 42 
Chloroform 24.1 4.60 1112 f 6 
Methylene chloride 24.1 4.33 1028 =t 17 
Methylene iodide 24.1 5.07 986 f 10 
Toluene 24.7 5.85 1354 f 19 
Water 24.7 5.66 1466 =k 37 

1304* 
1158** 
923* 
987* 

1077* 
965* 

1324** 
1492** 

* From R. T. Lagemann, D. R. McMillan, Jr., and W. E. Woolf, 
“Temperature variation of ultrasonic velocity in liquids,” J .  Chem. 
Phys., vol. 17, pp. 369-373, April 1949. These values have been 
extrapolated so that they are a t  the same temperature as the values 
in column two. 

** From Herzfeld [24], p. 362. These values were not obtained 
at  the same temperatures as the present measurements. 
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Fig. 1. Brillouin scattering in benzene with 8.501-mm etalon. 
“C” denotes the central unshifted line; “B” denotes the Brillouin 
components. 

our velocities agree well with those of Benedek et al. [l], 
Chiao and Stoicheff [2],  and Rank et al. [4] in cases where 
a comparison is possible. 

The standard deviation in the measurements of the 
hypersonic velocity varies from less than 1 percent for 
chloroform to more than 4 percent for carbon tetrachloride. 
These figures are calculated from the results of several 
measurements of Brillouin shifts, and do not include 
possible error in the measurement of the scattering angle. 
This latter error was estimated to be approximately f 15’. 
The precision of measurement of the Brillouin shifts 
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was mainly limited by nonlinearities in the scan and 
uncertainties in the measurement of fringe centers. 
Further contributions to the error could have resulted 
from drifting of the laser frequency, since no special 
stabilization was provided. A typical result is shown 
in Fig. 1. The linewidth in this illustration is mainly 
instrumental. 

LINE BROADENING 
Broadening of the Brillouin components arises from 

“damping” of thermal phonons, and is intimately con- 
nected with the viscosity coefficients of the medium. 
Assuming the predominance of a single relaxation mech- 
anism for thermal phonons in the liquids of these experi- 
ments, the intensity of Brillouin scattered radiation for 
a monochromatic exciting line is expected to be of the 
form 

where I is the intensity a t  angular frequency W, I ,  is 
the total intensity, and wg is the angular frequency a t  
the center of the line. The width of this Lorentzian line 
a t  half maximum J? is a measure of the damping of 
the hypersonic phonons. From this figure, a relaxation 
time T, in this case equivalent to the phonon lifetime, 
can be obtained immediately, since T = l/r. 

Broadening of the Brillouin line was observed in the 
present case by using higher resolving power of the 
Fabry-Perot interferometer. With 8.501-mm and 16.00- 
mm etalons, the Brillouin line of toluene for mono- 
chromatic excitation was found to be approximately 
0.007 cm-’ wide a t  half maximum. The corresponding 
measurement for methylene chloride was approximately 
0.011 cm-’. The recorded fringe pattern for toluene is 
shown in Fig. 2. Brillouin line broadening was detected 
in several other liquids, but the traces were rather noisy, 
and these were not measured. 

To arrive a t  a figure for the Brillouin linewidth, it 
is necessary to  make corrections for the width of the 
laser line, the effect of an approximately 3” angular 
aperture of observation, and the “instrumental” linewidth 
of the rest of the optical detection system. Under the 
assumption that all the lines are Lorentzian, the observed 
linewidth is the sum of the widths of the separate con- 
tributions. This is a good approximation if the laser is 
operated in a single mode and if the angular aperture is 
small, but it is less precise for multimode laser operation. 
If one makes this assumption and further assumes no 
broadening of the center component of the Brillouin 
triplet (composed of Rayleigh and Tyndall scattered 
light), then i t  can be shown that the true width of the 
Brillouin line for monochromatic excitation is merely 
the observed width of the Brillouin line minus the sum 
of the observed width of the central component and the 
width of the angular aperture. The angular aperture 
appears because the Brillouin line is broadened by this 
effect, but the center component is not. This method 
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Line broadening in toluene. The Rayleigh linewidth is Fig. 2. 
instrumental. 

was used to arrive at linewidths even though the laser 
was in multimode operation during the toluene measure- 
ment. The linewidth quoted for toluene is therefore in 
error by perhaps 50 percent. The linewidth for methylene 
chloride was obtained using single-mode laser operation 
a t  0.016 mW and is, therefore, more accuratc. 

From the Brillouin linewidths the lifetimes of the 
phonons responsible for Brillouin scattering a t  89"4,5' 
in toluene and methylene chloride are calculated to be 
approximately 7.6 x lo-'' seconds and 4.8 x lo-'' 
seconds, respectively. 

POLARIZATION EFFECTS 
Light scattering in liquids which arises from three 

causes is considered in the present experiments: 1) 
pressure waves propagating a t  the speed of sound scatter 
light into the two Brillouin components, 2 )  entropy 
fluctuations produce the Rayleigh components, 3) optical 
anisotropy of the molecules produce a broad background 
centered about the Rayleigh line. Using a method similar 
to Cummins and Gammon [ 5 ] ,  depolarization factors 
for each of the above scattering phenomena have been 
measured in three highly anisotropic liquids: carbon 
disulfide, benzene, and toluene. A polarization analyzer 
was placed between the liquid scatterer and the inter- 
ferometer so that it passed light whose electric vector 
was perpendicular to the plane of scattering, parallel to  the 
plane of scattering, and the analyzer was then removed. 
These data are identified by the subscripts I, 1 1 ,  and T ,  
respectively. For incident light polarized perpendicular 
to the scattering plane, the ratio of the scattered light 
intensity polarized in the plane of scattering to that 
polarized perpendicular to this plane is the depolarization 
factor pI = Ill/II. At the center of the Brillouin line 
there were no indications of Brillouin components in 
the 1 I direction greater than 3 percent of the I component 

ZERO L E V E L \  1 I 

Fig. 3. Superimposed spectra of CS,. 2' = no analyzer, I = ana- 
lyzer perpendicular to scattering plane, 1 I = analyzer parallel to  
scattering plane. Incident light was polarized 1. In  order to allow 
comparison of intensities the traces have been normalized to the 
same base line. 

in toluene, 2 percent of the I component in CS,, and 
1 percent of the I component in benzene. Fig. 3 shows 
results for CS,. 

The depolarization factor for incident unpolarized 
light pu is more commonly reported than p.. The two 
are related by 

P Y  = 2 P l / ( l  + PA>. (3) 
For the Brillouin components, therefore, it is found that 
p u ( B )  5 0.06 for tolucne, 50.04 for CS,, and 50.02 for 
benzene. 

Depolarization a t  the center of the Rayleigh line was 
also measured for these liquids in the same way. The 
results were p u ( R )  I 0.06 for toluene, 50.04 for CS,, 
and 50.06 for benzene. A horizontal Rayleigh component 
was observed in benzene which was about 3 percent of 
the vertical Rayleigh component, but i t  was thought to  
be caused by Tyndall scattering. 

The scattering from anisotropic fluctuations gives 
rise to a broad background under the Rayleigh and 
Brillouin spectra that is also depolarized to some degree. 
This will be treated more fully in the section on Rayleigh 
wings, but a t  this point, in Table 11, measurements of 
the depolarization factors are shown for light scattered 
by optical anisotropy, pI(A)  and pUcA) .  These determi- 



!)z IEEE TRAIJSACTIONS O S  QUASTUM ELECTROSICh \I 4Y 

14916A Hg LINE 
TABLE I1 

ANISOTROPY A N D  BY BRILLOUIN PROCESSES.* 
I h P O L A R I Z A T I O N  FACTORS F O R  LIGHT S C A T T E R E D  B Y  O P T I C A I ,  

II 
Liquid PlcA) & ( A )  P l ( A + B )  P u ( A + B )  

il -. .- ~- 

I Carboil disulfide 0.69 0.81 0.3‘3 0.56 
Benzene 0.56 0.73 0.23 0.3; 
Toluene 0.54 0.70 0.2:: 0.37 

* Depolarization was measured a t  the center of the Brillouin 
line in each case. 

4880 

1 

nations were made by compariiig ordinates a t  tlie center 
of the Brillouin lines. The results agree within 10 percent 
with the results of Cummins and Gammon [5] for benzene. 

For historical reasons one sometimes sees depolarization 
factors reported for light which is scattered by both 
Brillouin and anisotropic processes. Table I1 gives these 
depolarization factors for iriciden t, light polarized I to 
the scattering plane p l ( A + B )  and for unpolarized incident 
light P = ( ~ + B ) ,  obtained from measurement of the appro- 
priate intensities a t  the center of the Brillouiii line. 
Results of Cummins and Gammoii 1.51 for benzene are not 
comparable since they have integrated over a frequency 
range of the order of the Brillouin liiiewidth. All of the 
results in this section were corrected for polarization 
effects of the detection system. 

RAYLEIGH WINGS 
The backgrouiid below the Brillouiii spectra as seen 

in E’igs. 1-3 is due to fluctuations in the orientation of 
the molecules in the liquid (optical anisotropy), and may 
be looked upon as highly damped rotational Raman 
scattering. This background shows itself under less 
resolution as wings on the Rayleigh lines, and has been 
observed in benzene by several authors [14]-[17]. Birus 
has reported seeing such broadening in water, ethyl 
alcohol, and toluene [16]. Brandmuller has written a 
lengthy paper on the Rayleigh wing, and concluded 
from his data on many molecules that the intensity of 
scattering from liquids is proportional to the optical 
anisotropy of the molecule [17]. Scattering from a highly 
anisotropic molecule like benzene therefore results in an 
intense wing as compared to a highly isotropic molecule 
such as carbon tetrachloride. 

A FastieEbert monochromator with 10-micrometer 
slits, giving an instrumental line width of approximately 
0.15 A, was used to  obtain traces of the Rayleigh wings 
in CS,, benzene, and toluene. The traces for CS, analyzed 
for polarization are shown in Fig. 4. The width a t  half 
maximum of that part of the line due to the Rayleigh 
wings was approximately 6.7 cm-’ in CS,, approximately 
6.8 cm-’ in benzene, and approximately 8.5 cm in toluene. 
The Rayleigh wings have very low intensity in carbon 
tetrachloride, chloroform, water, and ammonia, and a 
measurement of the linewidth was not possible in these 
liquids. 

Fig, 4. Rayleigh wings in CS2. Actual data taken with no polariza- 
tion analyzer ( T ) ,  with analyzer parallel to the scattering plarir 
(It), and with analyzer perpendicular to the scattering plane (I). 
Incident light was polarized perpendicrilar to the scattering plane 
The wings are the source of the anisotropic background in Figs 
1-3. The 4916-A line of Hg is shown to indicate resolution. 

A theory of the Rayleigh wings lias been written by 
Leontovich [22] .  A theory of rotational Raman scattering 
by polyatomic molecules has been given by Placzek and 
Teller [21], and for the rotation of molecules in liquids 
by Debye [23] .  

ELECTROSTRICTIVE CONSTANTS 
The cross section for Brillouin scattering is given by [ 181 

uB = (8~3/3)(r~/B,)l~TB/Xf (4) 

where ys is the adiabatic electrostrictive constant, B,  is 
the adiabatic bulk modulus, T is the temperature of the 
medium, k is Boltzmann’s constant, V is the volume of 
the interaction region, and A, is the wavelength of tlic, 
incident radiation. Therefore, from the ratio of tlic 
scattered Brillouin light intensity for two different liquids, 
the ratio of the electrostrictive constants may be obtained. 
For similar experimental conditions the relative electro- 
strictive constants for two liquids obtained from (4) arc 

Yan/Ysl = (~s212/BslL)1’2. ( 5 )  

Since the liquids used in this experiment show dis- 
persion in the hypersonic region [3], [fi], [19], y. and B. 
must be regarded as functions of frequency in this range. 
The relative electrostrictive constants are therefore only 
approximate, since for a single scattering angle different 
phonon frequencies are involved in the Brillouin scattering 
process for each liquid [see (l)]. The line-broadening 
experiments also indicate that in the case of toluene 
damping of the phonons occurs, so that Brillouin scattering 
intensities measured at the line centers can only be 
approximate. 

Table I11 lists the Brillouin scattering cross sections 
and the electrostrictive constants of seven liquids relative 
to those of CS,. These ratios are estimated to be accurate 
to &15 percent. 
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TABLE I11 
I ~ E I A T I V E  ELECTROSTRICTIVE Cossrasm OF LIQUIDS 

D E R I V E D  FROM BRILLOWIN IXTENSITIES 

I , / I c s  (Relative Brillouiii 
iiiterhties of scattered 

Liquid light compared t,o CS,) i . l i q u i d / Y C s ,  

Chrboii disulfide CS, 1 
Beiizeiie C6H6 0.37 
Carboii tetrachloride CCI, 0.25 
Chloroform CHCl3 0.47 
Methyleiie chloride CHZCI, 0.37 
hIet,hvlene iodide CH,II, 0 97 

1 
0 64 
0 45 
0 67 
0.52 
1 2b 
0 49 
0 24 

CONCLUSION 
‘Uw Iersatility of a low power CM’ A r t  laser t o  iiivesti- 

gate Brillouin and Rayleigh scattering in liquids ha5 
been demonstrated. In particular, approxiiiiately 0.016 
inJY of power in a single mode is sufficient, because of 
the spectral advantages of the Ar+ laser, to  measure the 
\I idth of Brillouin lilies by convelitiollal techniques. The 
,inme laser operating at approximately 0.07 mW has been 
used to  measure hypersonic velocities, depolarization of 
scattered light, relative electrostrictive coiistants, and 
has I w ~ n  used to  investigate the structure of the liayleigli 
lint. 
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